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Abstract.   The rejection of cyclophosphamide (CP) by nanofiltration (NF) and reverse osmosis 
(RO) membranes from ultrapure (Milli-Q) water and membrane bioreactor (MBR) effluent was 
investigated. Experimental results showed that the RO membrane provided excellent rejection 
(>90%) under all operating conditions. Conversely, efficiency of CP rejection by NF membrane 
was poor: in the range of 20-40% from Milli-Q water and around 60% from MBR effluent. 
Trans-membrane pressure, initial CP concentration and ionic strength of the feed solution had 
almost no effect on CP retention by NF. On the other hand, the water matrix proved to have a 
great influence: CP rejection rate by NF was clearly enhanced when MBR effluent was used as 
the background solution. Membrane fouling and interactions between the CP molecule and 
water matrix appeared to contribute to the higher rejection of CP. 
 
Key-words. Cyclophosphamide; Nanofiltration; Reverse osmosis; Removal 
 
INTRODUCTION 
 
The occurrence of pharmaceuticals in wastewater effluent [1], drinking water sources [2] and 
even in some treated drinking waters [3] has raised substantial concern in public and regulatory agencies, 
although often detected at trace levels (sub-ng/L). Compounds with a very potent mechanism of action 
such as cytostatic drugs are of particular environmental concern because of the high potential risk and the 
possible chronic adverse effects. Cyclophosphamide (CP) is one of the most frequently used alkylating 
cytostatic drugs, involved in the chemotherapy of various forms of cancer, in the treatment of autoimmune 
diseases and as immunosuppressants after organ transplantations [4]. CP is converted in the body to active 
alkylating metabolite (4-hydroxycyclophosphamide) through cytochrome P450 enzyme system. This 
mechanism of action also accounts for its adverse effects on living organisms such as mutagenic, 
carcinogenic, teratogenic, and embryotoxic effects described in the literature [5].  
CP exhibits high resistance to biodegradation and low adsorption ability in the traditional 
activated sludge process of wastewater treatment plant (WWTP) [6, 7]. This indicates CP will be 
extremely persistent in aqueous environment. It could reach surface water and ground water at pg or ng/L 
level via hospital or WWTP effluent. For example, Buerge et al. [8] have detected 0.15-0.17 ng/L CP in 
the river Limmat, Switzerland. Zuccato et al. [9] found 2-10 ng/L CP in the river Lombardy near Milan, 
Italy. These exposure concentrations are thus several orders of magnitude lower than the concentrations at 
which acute ecotoxicological effects have been reported in the literature. However, limited knowledge is 
available on chronic health effects related to the consumption of drinking water containing trace amounts 
of pharmaceuticals or their metabolites [10]. Therefore, it is unanimously accepted that preventing such 
molecules from entering the aquatic environment is essential. A precautionary approach is also desirable 
once these compounds emerge during wastewater reuse and drinking water production. 
Nanofiltration (NF) and reverse osmosis (RO) are increasingly used for water treatment, because 
of their complete or nearly complete removal of a wide range of organic micro-pollutants [11, 12]. Many 
researchers have evaluated the ability of several commercially available NF/RO membranes to reject 
various pharmaceuticals. Most of these studies tried to explain the different mechanisms that play a role in 
compound rejection by controlling the operating conditions or by comparing rejection behaviours of 
different target molecules [13]. But the individual contributions of the influencing factors to membrane 
retention are not well identified. Meanwhile, a broad range of pharmaceutical activated compounds 
(PhACs) have been selected as target molecules for rejection studies with NF/RO membrane [14]. 
However, to our best knowledge, CP has never been included in these researches. Furthermore, few 
studies have focussed on the influence of natural water matrices on solutes removal by membranes and the 
conclusions can be in some cases conflicting [15, 16].  
The objective of the present study was to investigate whether NF and RO membrane could be 
used to effectively remove CP from water at trace level. Meanwhile, the main influencing factors and 
removal mechanisms were also examined. In these concepts, experiments were carried out in a dead-end 
batch filtration cell in order to limit the volume of solutions and control the operating parameters. A first 
series of experiments was performed with single solution of CP molecule in Milli-Q water in order to 
evaluate the removal efficiency of CP by NF and RO membranes. Then the main influencing factors, such 
as transmembrane pressure, ionic strength and CP feed concentration were also investigated. In a second 
series of experiments, the effluent of MBR was directly used as the background solution to study the 
influence of water matrix on CP retention.  
 
MATERIALS AND METHODS 
 
Experimental set-up and filtration protocol 
 
All experiments were performed in a dead-end stirred filtration cell (see Causserand et al., 2005). 
The effective membrane area was 3.52×10-3 m2 and the total effective volume was about 400 mL. Stirring 
speed was maintained constant (200 rpm) in all tests. Trans-membrane pressure was exactly regulated by 
pressurized air through an electronic pressure transducer (in the range 5×10+5 – 25×10+5 Pa). The filtrate 
flux J (mL/min) was measured by an electronic balance via a computer with an accuracy of ± 0.1 g. All 
experiments were performed at room temperature (20±3°C). 
Before its first use, the membrane was soaked in ultrapure water (Milli-Q) for 24h. Then Milli-Q 
water was filtered through it at 20×10+5 Pa for about 2h until the flux had stabilized. The pure water 
permeability of the new membrane was then determined. After the pre-compaction, the cell was emptied 
and filled with 380 mL of feed solution. Then the cell was pressurized and the filtration was conducted 
until 200 mL of permeate had been collected. The first 100-mL permeate sample (named 100ml permeate) 
and the second one (named 200ml permeate) were collected separately for CP extraction and further 
analysis. Feed and retentate samples were also collected at the beginning and end of experiments 
respectively. After the filtration run, the cell was emptied and the membrane was washed thoroughly with 
Milli-Q water. Its pure water permeability was measured again in order to determine the difference before 
and after the filtration. 
The observed retention coefficient: Robs=(1-Cp/Cf)×100% was calculated from concentrations 
measured in the permeate Cp and the feed Cf. After each run, the membrane and the O-ring gasket were 
replaced by new ones in order to avoid cross contamination between runs by adsorption-desorption of the 
molecules. 
 
Membranes 
 
The NF membrane: Desal 5 DK (Osmonics) used in this study was a three-layer thin-film 
polysulfone-based membrane with a polyamide top layer. Its pure water permeability (5.8 L/m2/h/bar) is 
especially high compared with other NF membranes [18]. The surface is negatively charged in the pH 
range of 4.4 – 8.3. 
The selected RO membrane was a YMAKSP3001 (Osmonics). It is also a polyamide membrane 
which is commonly used in pharmaceuticals removal. 
 
Chemicals and Characterization 
 
Cyclophosphamide monohydrate (CAS Number: 6055-19-2) was purchased from Fluka, France. 
Water was purified by distillation and passage through a Milli-Q system (Millipore, Bedford, MA, 
France). The ultrapure water was then used for the preparation of all aqueous solutions but also as eluent 
in liquid chromatography tandem mass spectrometry (LC/MS/MS). All reagents (Humic acid, Sodium 
chloride, phosphoric acid) were norm-pure grade and obtained from Sigma-Aldrich, France. All solvents 
(methanol, acetonitrile, dichloromethane) were of HPLC grade from ICS, France.  
The main properties of CP molecule were listed in the Table 1. The octanol-water partition 
coefficient is quite low which indicates that interactions between CP molecules and the hydrophobic 
Figure 1. Influence of trans-membrane pressure on CP retention 
by NF. 
 
membrane surface will be weak. The pKa value was just given in a range, because no exact value can be 
found in the literature. CP molecule will mainly exist in the neutral form within the normal pH range of 
water. 
 
Table 1. Main physico-chemical properties of CP molecule 
 
Sample extraction and Analytical methods  
 
All CP samples were first concentrated by lyophilisation-extraction procedure. Then LC-MS-MS 
method was applied for CP detection and quantification. The injection volume was 50 µL. The mobile 
phase consisted of methanol-water-acetic acid (65:34.3:0.7) at an isocratic flow of 0.25 mL/min. 
Isofosfamide was used as internal standard for quantification of CP. Calibration was found to be linear 
within the 0.01-5.0 µg/L. Detection limits were 10 µg/L and 20 µg/L in ultrapure water and in MBR 
effluent, respectively.  
 
RESULTS AND DISCUSSION 
 
CP rejection by NF membrane  
 
Influence of trans-membrane 
pressure on CP retention. CP initial 
concentration in the feed solution was 
fixed at 400 µg/L. Background 
solution was ultrapure water and pH 
was about 6.0. Fig.1 shows the 
influence of trans-membrane pressure 
on CP retention by NF membrane. 
We observe in figure 1 that 
CP rejection rate by NF membrane is 
relatively low: ranging from 20% to 
40%. Considering (i) the CP molecular 
weight: 261.09 in comparison with the 
molecular weight cut-off (MWCO) of 
NF membrane provided by the 
manufacturer: 180-300 g/mol; (ii) the 
low polarity and the neutral form of 
CP molecule in the pH condition of the experiments; the low rejection rate of CP demonstrates that the 
typical steric hindrance mechanism governed CP retention by NF membrane. Other evidence about this 
mechanism will be further analysed in the later part of this paper. 
It was also found that CP concentration in the first 100 mL permeate was always lower than that 
in the second 100 mL permeate. Thus CP rejection rate decreased from almost 40% after the first 100 mL 
filtered to 20% after 200 mL permeate filtered. This can be attributed to weak adsorption of CP molecules 
onto the membrane that increased the apparent retention at the beginning of the filtration. As a 
consequence 200 mL of permeate has to be filtered in order to obtain an accurate evaluation of CP 
retention by NF membrane. 
However, for the same volume filtered, CP rejection rate was almost the same whatever the trans-
membrane pressure investigated. Desal 5 DK membrane retention efficiency was not sensitive to pressure 
changes and exhibited almost constant rejection performance for CP in the pressure range 5.2×10+5 – 
20.2×10+5 Pa. 
 
Influence of CP feed concentration on CP retention. The concentrations of CP found in sewage 
and drinking water source are in the order of ng/L. Such concentrations are difficult to maintain in 
experiments due to analytical difficulties (detection limits). As a consequence, relatively higher 
concentration was used for experimental study. In this context, it was necessary to investigate the 
Molecular 
formula 
Molecular  
weight Log Kow pKa 
Charge  
at pH=6-7 
Molecular  
structure 
C7H15Cl2N2O2P 261.09 0.63 4.5~6.5 neutral 
Figure 2. Influence of CP feed concentration on CP retention 
by NF. 
Figure 3. Influence of ionic strength on CP retention by NF. 
Figure 4. Influence of water matrix on CP retention (CP 
feed concentration: 10 µg/L). 
 
influence of CP feed concentration on CP retention. CP solutions in ultrapure water at 200, 400 and 600 
µg/L were then prepared and filtered at 20 
×10+5 Pa. 
As show in Fig.2, no obvious 
effect of initial CP concentration on Robs 
value was observed. Similar conclusion 
has been drawn in previous study when 
pesticides were filtered through NF 
membrane [19]. Thus within the 
experimental error, it can be concluded 
that CP concentration in the feed solution 
has no influence on CP rejection by NF 
membrane. 
     
Influence of ionic strength on 
CP retention. Sodium chloride was 
used to adjust the ionic strength of the 
feed solution (25 - 50 mM). CP feed concentration in this experiment was fixed at 400 µg/L and trans-
membrane pressure was 20×10+5 Pa. Fig.3 shows the CP rejection rate at different ionic strength. It can be 
seen that Robs value of CP didn’t change too much under different ionic strengths, particularly after 200 
mL permeate filtered. From these results it appears that the presence of salt will not affect CP retention by 
NF membrane. 
In previous study, some researchers have observed that the presence of salt can alter the solute 
rejection behaviour [20]. For example, for charged solute, the presence of salt will decrease solute 
rejection rate due to the shield of repulsive electrostatic interactions generated by membrane surface 
functional groups. On the other hand, the “salting-out” effect will decrease the hydrated radius of solute 
molecule and thus reduce the “apparent 
size” of the molecules. Both effects 
would be expected to influence solute 
rejection in similar ways and can’t be 
easily separated. However, for CP 
molecule, it mainly exists in the neutral 
form in the feed solution as mentioned 
before. Salting-out and repulsive 
electrostatic effects will not have much 
influence on the uncharged CP molecule. 
So the presence of salt has almost no 
influence on CP retention in our study. 
This also demonstrated that the size 
exclusion mechanism governed CP 
retention by NF membrane, while 
electrostatic repulsion mechanism 
didn’t play any role. 
 
Influence of water matrix on CP retention. MBR effluent was used as background solution to 
investigate the influence of water matrix 
on CP retention. Experiment was 
performed at trans-membrane pressure of 
20×10+5 Pa. A decrease of 21% in 
membrane water permeability was 
measured after filtration with MBR 
effluent. Both in-depth membrane 
fouling due to the NOM retention and 
NOM adsorption onto the membrane 
surface may contribute to the membrane 
permeate flux decrease.  
As the results shown in Fig.4, 
water matrix has obvious influence on 
CP rejection by NF membrane. When 
MBR effluent was used as the 
background solution, CP concentration 
in permeate was quite lower and rejection rate was much higher than that in ultrapure water. Furthermore, 
CP rejection increased with the increase of filtered volume, which is opposite with the tendency in 
ultrapure water. The CP retention enhance was mainly attributed to the membrane fouling by the 
components (mainly NOM) of MBR effluent as clearly demonstrated by membrane water flux decrease as 
mentioned before. 
Considering the physico-chemical properties of CP molecule, the pore restriction mechanism 
caused by NOM may play the utmost role in the increase of CP rejection. CP adsorption onto the 
membrane surface and solute-membrane interactions are weak due to the neutral form and high polarity of 
CP molecules. So the modification of membrane surface charge caused by NOM will have little effect on 
CP retention. In addition, the increase in CP rejection in presence of NOM may result from the binding of 
CP to NOM due to hydrogen bonding, forming NOM-CP complexes that are larger and exhibit an 
increased negative charge. Similar conclusions have been drawn in a previous work [16].  
 
CP rejection by RO membrane  
 
The CP rejection experiments using an RO membrane were conducted at relatively low 
concentrations (1~10 µg/L) in order to simulate the actual applications. Table 2 shows the CP rejection by 
RO membrane under different operating conditions. As can be seen from this table, the RO membrane 
provided excellent CP rejection (>90%). Furthermore, the CP rejection rate was almost stable under all 
operating conditions. No obvious difference was observed when the trans-membrane pressure, CP feed 
concentration and water matrix were changed.  
 
Trans- 
membrane 
pressure 
(×10+5 Pa) 
Water matrix 
CP Feed 
concentration 
(ng/L) 
Concentration in 
100 mL permeate 
(ng/L) 
Concentration in 200 
mL permeate (ng/L) 
Robs1 
(%) 
Robs2 
(%) 
20.0 Ultrapure water 6338 218 364 96.57 94.26 
20.0 Ultrapure water 4370 210 320 94.94 92.79 
20.0 MBR effluent 1513 121 47 92.01 96.87 
10.0 Ultrapure water 1252 61 42 93.70 96.62 
10.0 MBR effluent 1382 103 43 92.53 96.67 
Note: Robs1-CP rejection rate in the 100 mL permeate; Robs2-CP rejection rate in the 200 mL permeate. 
 
Table 2. CP rejection by RO membrane 
 
Considering the high efficiency in terms of CP retention whatever the operating conditions, an 
RO system could be considered for tertiary treatment of raw water containing CP as well as for a post-
treatment unit after the MBR system in wastewater treatment. For the latter application, an MBR-RO 
system is an ideal choice for hospital wastewater treatment since it can be expected to totally remove 
many pharmaceutical compounds, such as CP, that are assumed to be present at quite high concentrations 
in this type of wastewater. 
 
CONCLUSIONS 
 
The rejection of CP by NF and RO membranes from Milli-Q water and MBR effluent was 
investigated with CP feed concentrations ranging from 1 to 600 µg/L. The RO membrane provided 
excellent rejection (>90%) from the water matrices examined under all operating conditions. This 
suggests that a combined MBR-RO system could provide efficient removal of CP.  
Concerning the NF process, this study has shown that the typical steric hindrance mechanism 
governed CP retention by NF membrane. Moreover, the results obtained demonstrated that the adsorption 
phenomenon between CP molecule and membrane surface was weak but non-negligible as it led to an 
over estimation of the CP rejection rate at the beginning of the filtration experiment. In consequence, an 
accurate evaluation of CP removal by NF membrane was achieved after filtering 200 mL. Rejection was 
poor from Milli-Q water: 20 % in steady state conditions.  Trans-membrane pressure, CP initial 
concentration and ionic strength of the feed solution had almost no influence on CP retention. On the 
other hand, the water matrix greatly influenced the CP rejection behavior by NF. The CP rejection rate 
was significantly enhanced when MBR effluent was used as the background solution. Both membrane 
fouling and interactions between CP molecules and water matrix may have contributed to the higher CP 
retention.  
From this point of view, both MBR-NF and MBR-RO combined systems can be considered as 
promising processes for the treatment of real waste water containing CP in future applications. 
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